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Abstract

The #ux technique for growing large crystals of La
1~x

Ba
x
MnO

3
(0.2(x(0.5) with a seed is discussed. Based on up

to 40 wt% solubility of the solute, good rheological properties of corresponding #ux melts, and desirable Ba substitution,
the 25}40 mol% B

2
O

3
/45}60 mol% BaO/15}30 mol% BaF

2
range of solvents has been selected to grow crystals up to

1.5 cm3 in volume. The best crystals have been grown under constant or a very slow increase of temperature in the
interval 950}12503C. Crystals with rocking curves of &0.33 FWHM have been obtained. Layer-by-layer X-ray
#uorescent analysis has con"rmed a high homogeneity of Ba distribution in volume. Neutron triple-axis measurements
have been done to study the spin dynamics of the La

0.68
Ba

0.32
MnO

3
crystal. Resistivity and AC-susceptibility results

show that the peak occurs at a temperature ¹
1

well above ¹
#

("336 K). The data support the assumption that charge
ordering exists to pin carriers. ( 2000 Elsevier Science B.V. All rights reserved.

PACS: 81.10.!h; 81.10.Dn; 75.30.Ds; 75.30.Vn
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1. Introduction

The perovskite-type of the doped
La

1~x
M

x
MnO

3
class of materials with M"Ba,

Sr, Ca, and Pb has attracted renewed interest be-
cause of the dramatic increase in conductivity these
systems exhibit when the magnetic moments order
ferromagnetically, either by temperature lowering
or applying of a magnetic "eld [1]. This huge

increase in the carrier mobility, which has been
given the name `colossal magnetoresistivitya
(CMR) [2], is both of scienti"c and technological
interest. In particular, it is anticipated that these
materials may provide the next generation of
read/write heads for the data storage industry,
while the `half-metallica behavior provides fully
spin-polarized electrons for use in magneto-elec-
tronics applications, and for sensors in a variety of
devices of the automotive industry. According to
experimental data about three orders of magnitude
di!erence in electrical resistivity [2] and a discrep-
ancy of thermal conductivity results [3] exist
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Table 1
The data of La

1~x
Ba

x
MnO

3
(0.2(x(0.5) crystal growth experiment under conditions of B

2
O

3
}BaO}BaF

2
based #ux melt

evaporation

Run
number

Flux melt composition (mol %) La
2
O

3
excess
x (wt%)

Temperature
sweep range
(3C)

Seeds
number

Growth
time (days)

Ba
content

B
2
O

3
BaO BaF

2
La

1`x
MnO

3

15 46.51 17.12 36.37 14.68 80 1266 * * 0.23
16 45.51 16.76 37.73 14.41 80 1255}1270 6 32 0.26
23 57.53 13.94 29.53 8.05 40 1186}1209 4 30 0.30
5 52.34 19.30 28.30 5.06 43.7 1146}1163 5 25 0.34

20 46.99 26.40 26.61 4.74 70 950}951 5 32 0.365
19 47.99 25.75 26.26 4.82 70 955 * * 0.43

between ceramic samples and single crystalline
"lms. One should conclude that transport proper-
ties of doped manganese oxides are extremely sensi-
tive to grain boundaries. Since the study of CMR
manganites has great impact on both the basic
understanding of the mechanism governing this
phenomenon and the potential applications, high-
quality single crystals are needed.

Single crystals of doped rare earth manganese
oxides were obtained mainly by spontaneous
crystallization from di!erent #uxes [3}5] or using
the #oating zone method [6}8]. Both techniques
exhibit de"nite advantages (disadvantages) when
compared. Indeed, #ux grown crystals demon-
strated good homogeneity of the main ligand distri-
bution in moderate volumes up to 150 mm3 and
a small mosaic spread of the lattice. However, ca-
tion substitution both in rare earth and manganese
sites of CMR crystals grown from all solutions used
so far is still a serious problem, which restricts the
set of compositions that can be grown to Pb, Ba
and alkali ion (Na, Li) doped compounds. Unfortu-
nately, the lowest content of divalent ions in crys-
tals grown from #ux reached by alkali earth
compounds is restricted by 20 mol%. The #oating
zone technique provides about several cm3 in vol-
ume of manganite crystals, which di!er by a small
mosaicity in a whole range of solid solutions.
Nevertheless, for the growth method a segregation
problem still exists as well as manganese non-
stoichiometry makes CMR crystal quality worse
due to Mn evaporation from the melt.

In this paper we report the growth technique of
large crystals of La

1~x
Ba

x
MnO

3
with a seed in the

dynamic regime, from a #ux based on B
2
O

3
}BaO}

BaF
2

ternary system as a solvent. Neutron triple-
axis measurements of the crystal spin dynamics
combined with electrical resistivity and AC-suscep-
tibility data are discussed.

2. Experimental procedure

Seeded growth of La
1~x

Ba
x
MnO

3
single crys-

tals was carried out in a vertical furnace provided
with SiC heaters. The home remade RIF-101 tem-
perature controller allows one to stabilize temper-
ature with an accuracy $0.13C as well as
providing a temperature scan capability with a rate
as small as 0.13C/day with up to 30 days duration
of growth. The #ux melt was prepared by successive
melting of 99.99% purity starting components indi-
vidually weighed in molar ratio as presented in
Table 1. Lanthanum oxide was annealed for 24 h at
12003C before weighing to avoid a considerable
wetting of a platinum crucible by the #ux. Having
determined the saturation (¹

4!5
) and spontaneous

crystallization (¹
41

) temperatures, separate crystals
were allowed to grow up to a size of 1 mm3 at
temperature 1}23C lower than ¹

41
. After thorough

visual examination of facets, high-quality crystals
were "xed on shields and mounted on a Pt crystal
holder to be used as seeds. The temperature regime
was determined by the consideration of rheological
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Fig. 1. Data of La
1~x

Ba
x
MnO

3
crystals #ux growth: (a) three

ranges of #ux-melt compositions on the LaMnO
3
}B

2
O

3
}

BaO}BaF
2

phase diagram; (b) layer by layer analysis of Ba
content in two crystals were grown either by #ux slow cooling or
by evaporation at constant temperature.

properties of the #ux melt, concentration of the
solute, the number of seeds, and the #ux geometry
in a growth run. Selected data of growth experi-
ments are collected in Table 1. As can be seen Ba
content in the crystals decreases with an increase in
the growth temperature. The best crystals of
La

1~x
Ba

x
MnO

3
up to 1.5 cm3 in volume have

been grown under the rate 0.13C/day of temper-
ature sweep, in the range ¹

4!5
!53C(¹(¹

4!5
at

the primary crystallization temperature interval
950}12503C, to reveal &0.33 FWHM of neutron.
The growth temperature was chosen separately de-
pending on barium content 0.2(x(0.5 needed.
The as-grown crystals had a black color and a rec-
tangular shape.

The samples obtained were characterized by
means of neutron di!raction and #uorescent analy-
sis. The chemical composition was determined
based on the relation of KaLa and KaBa lines of
secondary characteristic radiation spectra. The
perturbation of the main elements were realized
by 241Am (c"59.54 keV) radioisotope source. The
X-ray spectrometer provided by Si(Li)-semiconduc-
tor detector was used to register the secondary
characteristic radiation with 200 eV accuracy at
5.95 keV line from 55Fe radioisotope source.

The spin wave dispersion relations were mea-
sured using the thermal triple-axis instruments at
the NIST Center for Neutron Research. Resistivity
measurements of the as-grown crystals were made
by standard four-probe method using silver paste
for low resistance contacts preparing. Magnetic
transition temperatures were determined by
measuring AC-magnetic susceptibility and by neu-
tron di!raction.

3. Stability area of La1~x
Ba

x
MnO3 phase in

B2O3}BaO}BaF2 solvent

A series of LaMnO
3
}B

2
O

3
}BaO}BaF

2
system

parameters: solubility isotherms, saturation tem-
perature versus BaF

2
content in the #ux melt, and

the evaporation kinetics at various BaF
2

concen-
trations have been studied and found to agree
qualitatively with the EuFeO

3
}B

2
O

3
}BaO}BaF

2
system properties investigated earlier [9]. As we
have expected weight losses of volatile components

increase with BaF
2

concentration in the #ux
melt and temperature rising. The pseudoternary
phase diagram of the system shows the range of
#ux-melt compositions that allowed us to grow
La

1~x
Ba

x
MnO

3
crystals as a primary phase in the

temperature interval 950}12503C (Fig. 1a). We
have to state that the primary crystallization area is
of a very tentative character because high volatile
components are beyond calculation. However, we
have enough data to argue that a dashed AB
curve belongs to the upper boundary, while more
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Fig. 2. Resistivity and AC-susceptibility of the La
1~x

Ba
x
MnO

3
crystals depending on Ba content.

tentative CD curve corresponds to a lower border
of the manganite phase stability range. Particularly,
lanthanum borates and La

1~x
Ba

x
MnO

3
co-crys-

tallization was found as a result of growth run
using the #ux melts corresponding to 26 and 27
points in the phase diagram. Despite extensive #ux
weight loss, a three week growth run from #ux
composition labeled as 19 and 23 provides large
volume crystals with Ba content x"0.43 and 1

3
correspondingly. However, #ux instability caused
drastic changes of growth conditions when #ux
composition passed down through the CD phase
boundary, resulting in a boosted growth rate of
lanthanum borates and consequent reduction
in manganite crystal growth. A distinguish grada-
tion of Ba concentration was registered for
La

1~x
Ba

x
MnO

3
crystals grown from the same

composition of #ux melt, but at di!erent temper-
atures (degree of #ux supersaturation) to con"rm
the inverse temperature dependence of Ba distri-
bution coe$cient in the (La,Ba)MnO

3
}

B
2
O

3
}BaO}BaF

2
system. Fig. 1b shows data of

a layer by layer X-ray #uorescent analysis of Ba
content in two La

1~x
Ba

x
MnO

3
crystals which

were grown either by #ux supersaturation with
slow cooling or by evaporation at constant temper-
ature. In this case a parabolic-like dependence of
Ba content in layers through the sample length was
found. From the other side, one can see a good

&2% homogeneity of Ba distribution in the crystal
has grown by the last technique. The result can be
easily understood by taking into account the in-
verse temperature dependence of the Ba content in
probe samples that have been grown at di!erent
temperatures by evaporation technique. For this
reason a technique of evaporation under constant
or at very slow temperature sweep was used to
grow neutron-sized crystals of La

1~x
Ba

x
MnO

3
(0.2(x(0.5) with a good Ba homogeneity in vol-
ume (see Table 1). The #ux compositions corre-
sponding to I, II and III regions in the quasi
ternary phase diagram (Fig. 1a) were used to
grow x'0.35, x"1/3, and x(0.25 crystals,
respectively.

4. Spin dynamics, magnetic susceptibility and
electrical resistivity of La1~x

Ba
x
MnO3

Fig. 2 presents the AC-susceptibility and elec-
trical resistivity data of the as-grown
La

1~x
Ba

x
MnO

3
crystals depending on Ba con-

tent. For all the samples one can see the
metal}insulator phase transition takes place at
a peak temperature (¹

1
) rather above the ferro-

magnetic ordering temperature (¹
#
) as well as the

peak magnitude of magnetoresistance &50% at
applied "eld up to 2 T in the vicinity of ¹

#
.

The result di!ers from the data presented for a
ceramic sample with the same composition, where
¹

#
"¹

1
[10].

Neutron scattering has been used to study the
spin dynamics of La

0.68
Ba

0.32
MnO

3
. In the long-

wavelength regime the spin-wave dispersion rela-
tions are found to be isotropic in wave vector q,
with a gapless excitation spectrum indicative of an
ideal isotropic ferromagnet, as has been found for
most of the doped manganite systems in the ferro-
magnetic regime [11}14]. Fig. 3 shows the spin
waves to the zone boundary in the [1 0 0] direction,
with a maximum energy of 30 meV at low temper-
atures. The spin waves soften with increasing tem-
perature in the usual manner. At small wave
vectors we also "nd that the spin sti!ness para-
meter D(¹) (de"ned by E"D(¹)q2) obeys a power
law in reduced temperature ¹/¹

#
(not shown). The

ordering temperature as determined by Bragg
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Fig. 3. Spin-wave dispersion relation along the [1,0,0] direction
of La

0.68
Ba

0.32
MnO

3
as a function of temperature.

re#ection of neutrons is 336$1 K, which is in
excellent agreement with bulk magnetization
measurements. In the ferromagnetic state an anom-
alous spin di!usion component develops in the
#uctuation spectrum as ¹P¹

1
for polycrystalline

sample, which is attributed to the spin component
of the polaron in these materials. In the single
crystals this scattering is weak in the ordered phase
because ¹

P
'¹

C
. Then, as the ferromagnetic be-

havior begins to develop, the charge ordering melts
and the system becomes metallic. Our data suggest
that the development of the polaron component in
the #uctuation spectra of La

1~x
Ba

x
MnO

3
is

directly correlated with ¹
1
.

5. Conclusions

The primary crystallization area of Ba-doped
lanthanum manganites on the corresponding
pseudoternary phase diagram was determined. The
technique of evaporation under constant or at very

slow temperature sweep was used to grow with
a seed neutron-sized crystals of La

1~x
Ba

x
MnO

3
(0.2(x(0.5), which reveal a good Ba homo-
geneity in volume. In contrast to ceramic samples,
where ¹

#
"¹

1
, for all single crystals the

metal}insulator phase transition takes place at
a peak temperature rather above the ferromagnetic
ordering temperature. For this reason in the single
crystals the spin component of the polaron is weak
in the ordered phase.
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